[1] The transport of biomass burning emissions from southern Africa to the neighboring Atlantic and Indian Oceans during the dry season (May-October) of 2000 is characterized using ground, ozonesonde, and aircraft measurements of carbon monoxide (CO) and ozone (O 3 ) in and around southern Africa, together with the GEOS-CHEM global model of tropospheric chemistry. The model shows a positive bias of $20% for CO and a negative bias of $10-25% for O 3 at oceanic sites downwind of fire emissions. Near areas of active fire emissions the model shows a negative bias of $60% and $30% for CO and O 3 , respectively, likely due to the coarse spatial (2°Â 2.5°) and temporal (monthly) resolution of the model compared to that of active fires. On average, from 1994 to 2000, $60 Tg of carbon monoxide (CO) from biomass burning in southern Africa was transported eastward to the Indian Ocean across the latitude band 0°-60°S during the 6 months of the dry season. Over the same time period, $40 Tg of CO from southern African biomass burning was transported westward to the Atlantic Ocean over the latitudes 0°-20°S during the 6-month dry season, but most of that amount was transported back eastward over higher latitudes to the south (21°-60°S). Eastward transport of biomass burning emissions from southern Africa enhances CO concentrations by $4-13 ppbv per month over the southern subtropical Indian Ocean during the dry season, with peak enhancements in September. Carbon monoxide from southern African and South American biomass burning is seen in the model simulations as far away as Australia, contributing $8 ppbv and $12-15 ppbv CO, respectively, and thus explaining the $20-25 ppbv observed enhancement of CO over Melbourne in mid-September 2000.
Introduction
[2] Biomass burning is a leading source of air pollution in the tropics [Crutzen and Andreae, 1990] , and more biomass burning occurs in Africa than any other continent [Hao and Liu, 1994] . Two international field campaigns, SAFARI-92 and SAFARI 2000 [Swap et al., 2003] , examined biomass burning emissions from southern Africa in September -October 1992 and August -September 2000, respectively. The TRACE-A field campaign [Fishman et al., 1996] , which was coincident with SAFARI-92, studied the fate of these emissions as they were advected westward from southern Africa and contributed to a tropospheric ozone (O 3 ) anomaly over the southern Atlantic Ocean. The South Atlantic ozone anomaly persists past the biomass burning season [Thompson et al., 2000 [Thompson et al., , 2003b , influenced by lightning and convection [Moxim and Levy, 2000; Edwards et al., 2003; Jenkins et al., 2003] , interhemispheric transport and photochemistry [Martin et al., 2002] , and convective lofting of air pollution from the Indian Ocean [Chatfield et al., 2004] .
[3] Transport of biomass burning emissions has been observed not only in the southern Atlantic Ocean, but also in the southern Pacific Ocean, during the PEM-Tropics A field campaign [Hoell et al., 1999] . Using a global chemical model to interpret the PEM-Tropics A observations, Staudt et al. [2002] found that southern Africa and South America make comparable contributions to the long-range transport of biomass burning pollution to the southern Pacific Ocean. The spatial scale of the transport of smoke from biomass burning observed in PEM-Tropics A was $10,000 km, making it a planetary-scale phenomenon (called the southern ''subtropical global plume'' by Chatfield et al. [2002] ).
[4] For emissions from biomass burning in southern Africa to reach the southern Pacific Ocean, the emissions must first be transported across the Indian Ocean. While much attention has been given to westward transport of southern African biomass burning emissions, eastward transport of these emissions to the Indian Ocean have not been quantified. During the SAFARI 2000 field campaign a meteorological event, termed the ''river of smoke'' by Annegarn et al. [2002] , transported smoke southeastward from southern Africa to the Indian Ocean, resulting in a week-long period of heavy haze and reduced visibility over the region in early September 2000.
[5] The main purposes of the present study are to quantify the eastward flux of biomass burning emissions from southern Africa to the Indian Ocean during the dry season (May -October), to determine if the eastward flux is increased during meteorological events such as the ''river of smoke,'' and to assess the contribution of southern African biomass burning smoke to the subtropical global plume that forms over the southern Indian Ocean by the end of the dry season. A global three-dimensional chemical transport model driven by assimilated meteorological observations is used to address these issues.
Model Description
[6] We used the GEOS-CHEM global model of tropospheric chemistry driven by assimilated meteorological observations from the Goddard Earth Observing System (GEOS) of the NASA Global Modeling and Assimilation Office (GMAO). A full description of the model and a global model evaluation using meteorological fields and field observations for 1994 is given by Bey et al. [2001] . Meteorological fields for 2000 (GEOS-Terra) are used in this study with horizontal resolution of 1°latitude by 1°longitude and 48 sigma levels in the vertical, from the surface up to 0.01 hPa. For computational efficiency, we regrid these fields to 2°latitude by 2.5°longitude and 30 vertical levels. The model includes 80 chemical species and carries 24 tracers to describe tropospheric O 3 -NO x -hydrocarbon chemistry. Model version 5.05 http://www-as.harvard.edu/chemistry/ trop/geos) is used here.
[7] Biomass burning emissions in the model follow the methodology of Duncan et al. [2003] , which incorporates a climatological inventory of fuel consumption from J. Logan and R. Yevich as described by Lobert et al. [1999] . Fuel consumption is combined with emission factors from Andreae and Merlet [2001] to obtain emissions. The Total Ozone Mapping Spectrometer (TOMS) aerosol index (AI) and Along Track Scanning Radiometer (ATSR) fire counts are used to obtain interannual and seasonal variability in biomass burning emissions.
[8] Model emissions of CO in subequatorial Africa during the dry season from fossil fuels, biomass burning, and domestic biofuels are given in Table 1 for the year 2000 and for a climatological average dry season. Fossil fuel and biofuel emissions occur evenly throughout the year, whereas biomass burning emissions are concentrated during [9] We also use in this paper a GEOS-CHEM tagged CO simulation ] to resolve source regions of CO (Africa, South America, Asia, and Australia) and source types (biomass burning, fossil fuel/biofuel, and oxidation of methane and biogenic volatile organic compounds). The tagged CO simulation uses meteorological fields for 1994 -2000 and climatological average biomass burning emissions (Table 1) . Concentrations of total CO, CO from biomass burning in southern Africa, and CO from biomass burning in South America will be referred to as CO, CO BBAF , and CO BBSAM , respectively.
Model Evaluation
[10] The GEOS-CHEM model was evaluated with ground, ozonesonde, and aircraft measurements obtained in 2000 in and around southern Africa (Figure 1a) . Measurements of CO, a primary combustion tracer, and O 3 , a secondary photochemical product of combustion and natural emissions, are used to assess the model's ability to characterize emissions, photochemistry, and transport in the region. Many of the measurements were obtained in August and September of 2000, during the SAFARI 2000 field campaign. Fire count data for the region in September of 2000 (Figure 1b ) is provided by the Along Track Scanning Radiometer (ATSR) aboard the European Remote Sensing-2 satellite. Fire counts are determined at nighttime ($10 pm local time) from ATSR measurements in the 3.7 mm thermal channel [Arino and Rosaz, 1999] . In September of 2000, fires were particularly prevalent in the vicinity of Zambia and in northeast South Africa.
[11] Ground measurements were obtained at four sites ( Figure 1a ): Ascension Island (7.9°S, 14.4°W), Crozet (46.5°S, 51.9°E), and Seychelles (4.7°S, 55.5°E) [Novelli et al., 1998 ], and Cape Point, South Africa (34.4°S, 18.5°E) [Labuschagne et al., 2003] through the World Data Center for Greenhouse Gases (WDCGG, http://gaw.kishou.go.jp/ wdcgg.html). Monthly average surface CO concentrations at the four sites (Figures 2a -2d) , and monthly average O 3 concentrations at Cape Point (Figure 2e ) for 2000, were [12] Vertical profiles of O 3 were obtained at five ozonesonde sites maintained by the Southern Hemisphere Additional Ozonesondes (SHADOZ) project [Thompson et al., 2002 [Thompson et al., , 2003a (Figure 1a) (Figure 3) . The model underestimates measured O 3 concentrations at Lusaka in the lower troposphere (Figure 3e) . The ozonesondes at Lusaka were launched from September 6-11, a period influenced by the ''river of smoke'' event which resulted in a heavily polluted layer from the surface up to $5 km [Magi et al., 2003; Schmid et al., 2003] , whereas the modeled O 3 concentrations were averaged over the entire month of September 2000. In addition, the spatial resolution of the model (2°Â 2.5°) is coarse relative to the spatial coverage of the ozonesondes. On average over the five sites, the model captured over half of the variability (r 2 = 0.57) in the observed O 3 profiles, but the model underpredicted the measurements by 26% (Figure 3f ).
[13] Airborne measurements of CO and O 3 aboard the University of Washington's (UW) CV-580 research aircraft [Sinha et al., 2003] Kaoma, Zambia (14.78°S, 24.80°E) , and Walvis Bay, Namibia (22.83°S, 14.50°E). Aircraft measurements from the surface to 5 km were compared to the modeled concentrations along the flight track for these five locations (Figure 4 ). Airborne O 3 measurements were obtained from a continuous O 3 monitor whereas CO measurements were obtained intermittently using canister samples. The model and observations both show a latitudinal gradient of increasing concentrations with decreasing latitude. Concentrations of CO and O 3 were highest in regions of intense savanna burning (e.g., Zambia) and lower over coastal regions (Namibia and Mozambique). For CO and O 3 , the model captured about half the variability in the observations (r 2 = 0.52 and 0.59, respectively), but the model underpredicted the measured concentrations by $60% and $30%, respectively ( Figure 5 ). The underprediction may be partly due to the airborne observing strategy of sampling in the vicinity of active fire emissions, although the airborne measurements used here were not obtained in identifiable smoke plumes. In addition, the spatial resolution of the model (2°Â 2.5°) is coarse relative to the scale of savanna fires ($0.1°), and modeled biomass burning emissions have a monthly time resolution despite observed daily variability in savanna fire emissions. The largest disagreements between model and observations occur over Zambia and Botswana, regions of intense biomass burning. Slight errors in the location or timing of emissions can result in large model errors.
Transport Pathways
[14] In a study of tropospheric air trajectories for the August -September 1992 period, Garstang et al. [1996] classified five basic trajectories for the transport of biomass burning emissions from southern Africa ( Figure 6 ): direct westward transport, direct eastward transport, anticyclonic circulation and westward transport, anticyclonic circulation and eastward transport, and anticylonic recirculation. The three types of anticylonic circulations were observed to occur on 55% of days during the 1992 study period; direct eastward and westward transport occurred on 41% and 4% of the days, respectively. South of 18°S, the bulk of the trajectories examined showed transport of southern African biomass burning emissions eastward to the Indian Ocean.
[15] During the first week of September 2000, the passage of a westerly trough resulted in direct eastward transport of biomass burning emissions from southern Africa to the Indian Ocean. This ''river of smoke'' event was visible on the TOMS aerosol index (AI) global imagery (Total Ozone Mapping Spectrometer (TOMS) aerosol index, available at http://toms.gsfc.nasa.gov/aerosols/aerosols. html) with high values of AI (1-3) within the ''river of smoke'' plume on 4 -6 September 2000. TOMS AI is an index ranging from 0-4 measuring the column abundance of ultraviolet absorbing aerosols based on backscattered ultraviolet radiance measurements in the 340-380 nm range [Herman et al., 1997] . We examined the frequency of direct eastward transport events by visually inspecting TOMS AI daily global maps for August and September of the years 1992 and 1996-2003. These events occurred in August 1992 and September 1992 , and lasted between 3 and 13 days each. Since eastward transport events, such as the ''river of smoke'' in 2000, directly transport biomass burning emissions from southern Africa to the Indian Ocean, and since they occur periodically during the dry season months, they are likely an important mechanism for transporting smoke from southern Africa to the Indian Ocean.
Average Daily CO Flux
[16] To assess the importance of the direct eastward pathway (Figure 6a ) for transporting biomass burning emissions from southern Africa to the Indian Ocean, we used the GEOS-CHEM model to estimate average daily eastward fluxes of CO from biomass burning in southern Africa (CO BBAF ) through a latitude-height cross section (40°E, 0 -60°S, 0 -11 km) along the eastern coast of southern Africa. Figure 7a shows the flux estimates for 4 September 2000 during the ''river of smoke'' event, and Figure 7c shows average model CO concentrations and wind vectors for the same day at an altitude of 5 km. Figures 7a and 7c illustrate the direct eastward transport circulation that characterized the ''river of smoke'' event. The eastward flux of CO BBAF for this event passed through the 40°E latitude-height cross section at $30°S, with a peak flux (50 -100 kg s À1 ) at $3 -5 km (Figure 7a ). The integrated average daily eastward flux across the 40°E latitude-height cross section on 4 September 2000 was 0.42 Tg CO BBAF per day.
[17] Figure Figure 7b ) relative to the core of high CO BBAF flux in the 4 September ''river of smoke'' latitude-height cross section ($30°S, Figure 7a ). The core of high CO BBAF flux on 13 September is also located at a higher altitude ($4-6 km, Figure 7b ) relative to that on 4 September ($3-5 km, Figure 7a ). Third, CO BBAF fluxes peak at 200-300 kg s (Figure 7d ). In contrast, emissions from central southern Africa do not appear to be transported eastward during the ''river of smoke'' event ( Figure 7c) . However, Figure 7c shows only CO concentrations and wind vectors at 5 km. Below 4 km, emissions from central southern Africa are part of the ''river of smoke'' that moves eastward to the Indian Ocean.
[18] To evaluate model performance for the direct eastward transport (4 September 2000) and for the anticyclonic circulation with eastward transport (13 September 2000) events described above, SHADOZ ozonesonde observations on 4 September 2000, and UW CV-580 airborne CO measurements on 13 September 2000 are compared to model results (Figure 9 ). SHADOZ ozonesondes were launched on 1 September and 4 -7 September 2000 during the ''river of smoke'' event in Irene, South Africa (25.9°S, 28.2°E), a location impacted by the ''river of smoke.'' The model reproduced the observed O 3 concentrations on September 1 (Figure 9a ), just prior to the arrival of the ''river of smoke'' plume over Irene. During the river of smoke event on 4 September, the model predicted an O 3 enhancement of 10 ppbv between 2 and 4 km, much smaller than the observed 30-40 ppbv enhancement (Figure 9b ). On average, the model underpredicted observed O 3 concentrations from the surface to 10 km by $40% on 4 -6 September, the days of peak ''river of smoke'' outflow.
[19] On 13 and 14 September 2000, CO was measured aboard the UW CV-580 off the coast of Namibia [Sinha et al., 2003] . On 14 September, measurements were made at 26.0°S, 13.8°E, just south of an anticyclonic circulation and eastward transport event. Measured and modeled CO concentrations were low ($100 ppbv) throughout the profile on 14 September (Figure 9c ). On 13 September, CO measurements were made at 20.4°S, 13.3°E, within an anticyclonic Figure 6 . Schematic of five common trajectories of tropospheric circulation in southern Africa during the dry season: (a) direct westward transport (1) and direct eastward transport (2), (b) anticyclonic circulation and westward transport, (c) anticyclonic circulation and eastward transport, and (d) anticylonic recirculation. From Garstang et al. [1996] . circulation and eastward transport event. Low CO concentrations (100-150 ppbv) were measured below 2 km and high concentrations ($300 ppbv) from 2 -5 km (Figure 9d) . The model reproduced this split structure, with CO concentrations of 75-125 ppbv below 2 km and 225 -275 ppbv above 3 km (Figure 9d ). The high CO aloft is a consequence of the anticyclonic flow that transported biomass burning emissions from Zambia and Angola initially westward to the Atlantic Ocean and then back eastward to eventually reach the Indian Ocean (Figure 7d ).
[20] To summarize, the model accurately represented features of the anticyclonic circulation and the eastward transport outflow in mid-September 2000. Since large eastward fluxes ($1 Tg CO BBAF d À1 ) were modeled under this circulation pattern (Figure 8 ), anticylonic circulation and eastward transport is likely a significant pathway for transporting biomass burning emissions from southern Africa to the Indian Ocean. The GEOS-CHEM model underestimated outflow during the ''river of smoke'' direct eastward transport event in early September 2000. There- (Figure 8) , the latitudes over which direct eastward transport of biomass burning emissions from southern Africa occur (Figure 7a ). Therefore two thirds of the CO BBAF transported to the Indian Ocean results from indirect eastward transport pathways, such as anticyclonic circulation and eastward flow. Outflow modeled during direct eastward transport events may be underestimated, as it was for the ''river of smoke'' direct eastward transport event in early September 2000. Therefore the apportionment of CO flux between direct and indirect eastward transport pathways is uncertain.
[22] A flux of 12.5 Tg per month of CO BBAF from southern African biomass burning was transported westward to the Atlantic Ocean over the latitude-height cross section (10°E, 0 -60°S, 0 -11 km) in September 2000. The westward CO BBAF flux from southern African biomass burning was concentrated over the latitudes 0 -20°S ( Figure 10) ; this contributed to the annual dry season South Atlantic pollution anomaly [Fishman et al., 1996] . However, over the latitude band 21-60°S along the 10°E ) greatly exceeded the net westward flux to the Atlantic Ocean (2.8 Tg month À1 ), the Indian Ocean appears to be the primary net recipient of CO from southern African biomass burning. A considerable quantity of CO BBAF (12.5 Tg month À1 ) reached the Atlantic Ocean over the latitudes 0 -20°S, but most of it returned eastward over higher latitudes eventually reaching the Indian Ocean.
[24] The large westward flux of CO BBAF across 10°E, 0-20°S affects CO concentrations at these latitudes over the southern Atlantic Ocean west of Africa. Global CO maps from the Measurements of Pollution in the Troposphere (MOPITT) nadir infrared correlation radiometer instrument (MOPITT CO retrievals monthly average plots, available at http://www.eos.ucar.edu/mopitt/data/plots/ mapsv3_mon.html) aboard the Terra satellite show elevated concentrations of west of Angola at 700 hPa. Nevertheless, over the course of the dry season, tropospheric CO concentrations are enhanced not only over the southern Atlantic Ocean but over most of the southern hemisphere subtropics (MOPITT CO retrievals monthly average plots). Biomass burning in southern Africa has also been shown to contribute to the accumulation of O 3 over the southern Atlantic Ocean [Fishman et al., 1991] . Like CO, tropospheric O 3 columns are enhanced over most of the southern hemisphere subtropics by the end of the dry season [Fishman et al., 2003] .
Seasonal and Interannual CO Fluxes
[25] Average monthly fluxes of CO BBAF during the dry season (May -October) from 1994 -2000 were modeled across four latitude-height cross sections: the eastern coast of southern Africa from 40°E, 0-35°S, and z = 0-11 km (Figure 11a ) and from 40°E, 36-60°S, and z = 0-11 km (Figure 11b) , and the western coast of southern Africa from 10°E, 0-20°S, and z = 0-11 km (Figure 11c ) and from 10°E, 21 -60°S, and z = 0 -11 km (Figure 11d) . Eastward fluxes, which transport CO BBAF to the Indian Ocean (Figures 11a and 11b) , and westward fluxes in Figure 11c , which transport CO BBAF to the Atlantic Ocean, increase as the dry season progresses, peaking in September at 15.8 ± 2.1 Tg per month and 9.1 ± 2.4 Tg month À1 , respectively. Two thirds of the eastward flux across 40°E occurs south of the African continent from 36-60°S (Figure 11b ) due to indirect eastward transport pathways such as anticylonic circulation and eastward transport. Eastward fluxes across 10°E, which recirculate CO BBAF from the Atlantic Ocean back toward southern Africa, steadily increase as the dry season progresses (Figure 11d ). In October, the eastward flux of CO BBAF (11.0 ± 0.6 Tg month
À1
; Figure 11d ) across the 10°E latitude-height cross section (21 -60°S, z = 0-11 km) exceeds the westward flux (6.1 ± 1.6; Figure 11c ) across 10°E (0-20°S, z = 0 -11 km). Therefore not all of the eastward flux at 10°E (21-60°S, z = 0 -11 km) derived from recirculated westward flux. Some of the eastward flux at 10°E in October must originate from CO BBAF that passes eastward through the 40°E latitude-height cross section and travels around the globe as part of the southern subtropical global CO plume that forms by the end of the dry season [Chatfield et al., 2002] before being eventually transported back over southern Africa.
[26] Along with fluxes averaged over the period 1994-2000, Figure 11 shows fluxes specific for the 2000 dry season. Westward fluxes across 10°E (0-20°S, z = 0-11 km) were above average in September and October 2000 (Figure 11c ), and eastward fluxes were somewhat below average across 40°E (0-60°S, z = 0 -11 km) in September and October 2000 (Figures 11a and 11b ). Therefore the eastward flux of CO BBAF to the Indian Ocean in September 2000 (13.7 Tg month À1 ) estimated in section 6 is conservative with respect to typical September eastward CO fluxes. Apart from September and October, CO BBAF fluxes in 2000 were within the range of variability observed during the 1994 -2000 period (Figure 11 ). Fluxes were determined using climatological average biomass burning emissions. Therefore interannual variability in fluxes reflect year-toyear changes in meteorological fields. Swap et al. [2003] proposed that biomass combustion in southern Africa during the 2000 dry season was above average because of above-average rainfall in the preceding wet season. Aboveaverage rainfall enhances fuel loading, but changes in combustion factors and burned area also have to be considered to determine interannual variability in biomass combustion. In a study of interannual variability of biomass burning emissions constrained by satellite observations, Duncan et al. [2003] found that emissions of CO from [27] Summing the average 1994 -2000 monthly CO BBAF fluxes from Figure 11 over the months of the dry season (May -October), yields $60 Tg of CO BBAF transported eastward to the Indian Ocean across the 40°E latitude-height cross section (0 -60°S, z = 0 -11 km) during the dry season (Figures 11a and 11b) . Of this amount, $20 Tg of CO BBAF is transported across 0 -35°S (Figure 11a) , the latitudes over which direct eastward transport of biomass burning emissions from southern Africa occur. The remaining $40 Tg of eastward CO BBAF flux occur south of the African continent from 36-60°S due to indirect eastward transport pathways, such as anticyclonic circulation and eastward flow.
[28] Along the 10°E latitude-height cross section, $40 Tg of CO BBAF (Figure 11b 
Carbon Monoxide Over the Southern Indian Ocean
[29] Because of the substantial eastward flux ($60 Tg) of CO from biomass burning in southern Africa during the course of an average dry season (Figures 11a and 11b) , CO concentrations in the troposphere over the southern Indian Ocean should be higher by the end of the dry season (September and October) than at the beginning (May). Global CO maps from MOPITT show the development of a planetary-scale band of elevated CO forming in the southern hemisphere subtropics by the end of the biomass [30] In this study, modeled CO concentrations over the southern Indian Ocean show a similar trend to that observed by MOPITT. Modeled CO concentrations over a latitudeheight cross section in the central southern Indian Ocean (75°E, 0-60°S, z = 0 -11 km) show an increase in midtropospheric CO concentrations from $65 ppbv in May (Figure 12a ) to $90 ppbv CO by September (Figure 12b ). This increase of $25 ppbv can be further described by plotting CO concentrations along the 75°E latitude-height cross section from two major sources of biomass burning, namely, southern Africa and South America. Figures 12c  and 12d show that up to $13 and $18 ppbv of CO over the central southern Indian Ocean in September of 2000 originates from southern African and South American biomass burning, respectively. Average monthly contributions to CO concentrations over a central region in the 75°E latitudeheight cross section (30 -40°S, z = 5 -7 km) from biomass burning in southern Africa and South America during the 2000 dry season are shown in Figure 13 . The contributions from southern Africa and South America were $4-13 and 2 -16 ppbv, respectively, peaking in September. During the [31] To evaluate the ability of the GEOS-CHEM model to characterize long-range transport of biomass burning emissions, we can compare output from the model with aircraft measurements made over Australia in mid-September 2000 [Pak et al., 2003] . Figure 14a shows a large meandering plume of CO ($100-120 ppbv) on 13 September 2000, ranging across the midtroposphere (z = 5 km) over the southern Indian Ocean and reaching southern Australia. Pak et al. describe airborne measurements of CO 2 , CO, CH 4 , VOCs, and O 3 made at 38°S, 145°E near Melbourne, Australia, on 13 September 2000, about 1 week after the ''river of smoke'' event in southern Africa. The measured background concentration of CO in the sampling location was $60 ppbv. However, on 13 September 2000, the measured concentration of CO was 80-85 pbbv from 3 -7 km, indicating an enhancement of 20-25 ppbv above background. Modeled CO at this location on 13 September 2000 is $80-83 ppbv from 3 -7 km, similar to the aircraft measurements. At the location of the aircraft measurements, modeled CO concentrations from biomass burning in southern Africa and South America are $6-9 and 6-15 ppbv, respectively. Thus these two sources account for most of the measured $20-25 ppbv CO enhancement at this location (Figure 14b ).
Summary and Conclusions
[32] In this paper we have described investigations of the transport of emissions from biomass burning in southern Africa using the GEOS-CHEM global model of tropospheric chemistry driven by assimilated meteorological data. The model is compared to ground, ozonesonde, and aircraft measurements of CO and O 3 obtained in and around southern Africa in 2000. The model shows a positive bias of $20% for CO and a negative bias of $10-25% for O 3 in oceanic sites downwind of fire emissions. Near areas of active fire emissions, the model shows a negative bias of $60% and $30% for CO and O 3 , respectively, likely due to the coarse spatial (2°Â 2.5°) and temporal (monthly) resolution of the model compared to that of active fires.
[33] Two pathways dominate the eastward transport of biomass burning emissions from southern Africa to the Indian Ocean: (1) direct eastward transport and (2) anticyclonic circulation and eastward transport. During the ''river of smoke'' direct eastward transport event [Annegarn et al., 2002] in early September 2000, the average daily eastward flux of CO BBAF across the 40°E latitude-height cross section (0 -60°S, z = 0-11 km) was $0.3 -0.5 Tg per day. During an anticyclonic circulation and eastward transport event in mid-September, the corresponding flux was $0.7-1.15 Tg per day. The model reproduced the concentrations of CO measured off the coast of Namibia in midSeptember during the anticyclonic circulation and eastward transport event, but the model underpredicted ozonesonde profile measurements over Irene, South Africa, by $40% in early September during the direct eastward transport event.
[34] In September 2000 comparable amounts of CO BBAF were transported eastward to the Indian Ocean (13.7 Tg per month) and westward to the Atlantic Ocean (12.5 Tg per month). However, approximately three quarters of the 12.5 Tg per month of CO BBAF transported westward from southern Africa to the Atlantic Ocean over the latitude band 0-20°S returned eastward over the latitude band 21°-60°S, resulting in a net westward flux of only $2.8 Tg per month of CO BBAF to the Atlantic Ocean. Therefore the Indian Ocean appears to be the primary net recipient of CO emitted by biomass burning in southern Africa.
[35] The model simulations indicate that during an average dry season (May -October) from 1994 -2000, $60 Tg of CO BBAF is transported eastward to the Indian Ocean across the 40°E latitude-height cross section (0°-60°S, z = 0 -11 km). Two thirds of the eastward flux of CO BBAF across 40°E occurs south of the African continent from 36-60°S, due to indirect eastward transport pathways such as anticylonic circulation and eastward transport. In an average dry season, a considerable quantity of CO BBAF ($40 Tg) is transported westward to the Atlantic Ocean across the 10°E latitude-height cross section (0°-20°S, z = 0 -11 km), but a roughly equal amount ($40 Tg) is transported back to the east at higher latitudes (21°-60°S). On average over the period 1994 -2000, both eastward fluxes of CO BBAF to the Indian Ocean and westward fluxes to the Atlantic Ocean peak in September at 15.8 ± 2.1 Tg per month and 9.1 ± 2.4 Tg per month, respectively.
[36] The model simulations indicate that the $60 Tg of CO from biomass burning in southern Africa transported eastward during an average dry season affects CO concentrations over the southern Indian Ocean. By the end of the 2000 dry season (September and October), CO concentrations in the midtroposphere over the subtropical southern Indian Ocean were $25 ppbv higher than at the beginning of the dry season (May). Carbon monoxide from biomass burning in southern Africa and South America accounted for most of this enhancement, contributing $4 -13 and 2 -16 ppbv per month, respectively, during the dry season with peak contributions in September. The model reproduced a $20 -25 ppbv enhancement of CO over Melbourne, Australia, that was measured on 13 September 2000. This enhancement was due to long-range transport of biomass burning emissions from southern Africa and South America. These two source regions contributed $6 -9 and 6 -15 ppbv CO, respectively, to midtropospheric CO concentrations over Melbourne on 13 September 2000.
